A B S T R A C T The cartilages from the hip joints of 13 normal and 15 osteoarthritic humans were analyzed for glycosaminoglycan content and distribution. The GAGs were separated by elution with CPC on a short cellulose column by the technique of Svejcar and Robertson after digestion of the tissue with pronase and papain.
INTRODUCTION
The acidic glycosaminoglycans (GAGs(1))1 of articular cartilage have been identified as chondroitin 6-sulfate, chondroitin 4-sulfate, and keratan sulfate (2) (3) (4) . Because of the difficulty of separating, purifying, and identifying small quantities of the GAGs, only a few studies have been performed using articular cartilage. These have suggested that the relative percentages of chondroitin 4-sulfate, chondroitin 6-sulfate, and keratan sulfate, vary in immature and adult tissues but remain fairJy constant with advancing age (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) .
Histochemical and biochemical studies of cartilage from osteoarthritic human joints have shown a significant decrease in the GAG content (12) (13) (14) (15) (16) (17) , and that the decrease in approximately proportional to the severity of the disease. Since it has also been shown that osteoarthritic cartilage has an increased rate of protein and polysaccharide syntheses (12, 17, 18) , it has been postulated that the observed activity is a "feedback" response related to an increased selective enzymatic degradation of the protein polysaccharides of the matrix (14, 15, 17, 19) .
The study reported here describes the results of 'a comparison of the absolute and relative amounts of the component GAGs in articular cartilage from 15 patients with osteoarthritis of the hip and 13 patients with normal hips who had suffered a fracture of the femoral neck. The date demonstrates statistically significant alterations in the absolute and relative amounts of the GAGs in the osteoarthritic cartilage. The possible significance and interpretation of these findings are discussed.
METHODS
Human cartilage used for this study was obtained at the time of surgery from two groups of patients: "the normals", 13 patients who had suffered a fresh fracture of the neck of the femur (average age, 77.5; median age, 79): and "osteoarthritics", 15 patients who had varying degrees of osteoarthritis as diagnosed by X-ray and histological studies (average age, 56.3; median age, 52). (Fig. 1 ) Both groups were treated by prosthetic replacement, the former group with Austin-Moore endoprostheses and the latter with low-friction total replacement prostheses (Charnley), so that cartilage from the entire femoral head was available for study. Patients known to have rheumatoid arthritis or osteonecrosis were excluded from the study.
At the time of removal of the femoral head, small segments of the cartilage and underlying bone were resected and studied by radiologic, histologic, and histochemical techniques, to establish that the cartilage was either normal or osteoarthritic, and the remainder of the cartilage was subjected to analysis for GAGs.
Hexosamines were determined by the method of Rondle and Morgan (20) and uronic acid by both the carbazole (Bitter and Muir [21] ) and orcinol (Khym and Doherty [22] ) techniques using glucuronolactone as a standard. Sulfate was measured by the benzidine technique (Antonopoulos [23] ) and hexose (as galactose) by the anthrone reaction (24) . N-acetyl hexosamine was measured by the method of Reissig, Strominger, and Leloir (25) and protein by the method of Lowry, Rosebrough, Farr, and Randall (26) .
Chromatographic identification of hexoses and hexosamines was performed by thin-layer technique using ITLC-SA silicate impregnated glass fiber sheets (Gelman Instrument Company, Ann Arbor, Mich.) and an n-propanol: ethanol: H20 (7: 2: 1) system after hydrolysis with 4 N hydrochloric acid for 6 hr and neutralization of the hydrolysate. Mobility was compared against a variety of sugar standards including glucose, glucosamine, galactose, galactosamine, fucose, mannose, and sialic acid. Spots were visualized with a silver nitrate spray or 50% sulfuric acid char.
The unhydrolyzed GAG preparations were identified chromatographically after CPC fractionation, pooling, and conversion to Na salts by thin-layer chromatography using a sequential development (2 cm/solvent) on ITLC-S silicate impregnated glass fiber (Gelman Instrument Company) with ethanol, calcium acetate, and acetic acid of varying concentrations (27) determinations on dry undigested material from four samples from each series. The percentage recovery for both normal and arthritic tissue was over 82%, and although not uniform for all the sugars, was approximately the same in both series (Table I ).
The purified GAG was then fractionated by a slight modification of a technique described by Svejcar and Robertson (28) employing a 3 X 60 mm column packed with Whatman CF-il cellulose. ilv ml of the 0.075 M NaCl solution of GAG (containing approximately 100 ug GAG) was applied to the column and eluted successively with 1.0 ml of The Glycosaminoglycans of Normal and Arthritic Cartilage The seven fractions so obtained were separately assayed for their content of uronic acid and hexose and the results plotted as per cent distribution of recovered material and ,ug/mg total GAG. Recovery was estimated by comparison with the total quantity applied to the column and averaged 97% for uronic acid and 103% for hexose. The values obtained for content of hexose and uronic acid were used to calculate the individual content and percentage of the different GAGs in each of the 28 femoral heads studied.
To identify the materials present in each of the fractions, 40 columns of pooled normal and pooled arthritic tissue were run, and the 7 fractions for each group were separately pooled. The CPC or Mg salt of the GAG obtained was converted back to the Na salt by the method described by Hjertquist and Vejlens (29) .
The absence of iduronic acid was determined by comparison of the uronic acid values obtained by the carbazole and orcinol methods (2) . Keratan sulfate was identified by thin-layer chromatographic identification of galactose and glucosamine after hydrolysis and by comparison against keratan sulfate in the second thin-layer system (see above). The chondroitin sulfates were identified by uronic acid: sulfate: hexosamine molar ratios, carbazole/orcinol characteristics, and by identification of galactosamine on thinlayer chromatography after hydrolysis. The 4 and 6 sulfated polysaccharide isomers were distinguished by analysis for N-acetyl hexosamine after hyaluronidase treatment (30) and by differences in mobility of the thin-layer system as compared with standards. Dermatan sulfate, heparan sulfate, and hyaluronic acid were not detected.
RESULTS
Identification of the glycosarninoglycans. Only fractions 1, 3, 4, and 5 contained significant amounts of the GAGs, and these were subjected to the studies described above for the purpose of identification. The results are shown in Tables II and III . It is apparent from these data that fraction 1 contains all of the keratan sulfate. In addition, substantial amounts of another GAG were present which contained uronic acid, hexosamine and sulfate, and had a mobility on chromatogram consistent with chondroitin 6-sulfate (Fig. 3) .
Fractions 3, 4, and 5 in both the normal and arthritic cartilage showed a chemical composition consistent with chondroitin sulfate. The material from fraction 5 gives a positive reaction for N-acetyl hexosamine after treatment with hyaluronidase (30) and had a mobility on thin-layer chromatography similar to chondroitin 6-sulfate (Fig. 3) . The material in fraction 4 showed a mobility identical to chondroitin 4-sulfate ( Fig. 3 ) and gave a negative reaction after hyaluronidase treatment. A small amount of uronic acid containing material was eluted in the third fraction (< 17% of the total GAGs). Although this gave a positive test for N-acetyl hexosamine after hyaluronidase treatment, the mobility on TLC was slightly faster than that of the chondroitin 6-sulfate standard (Fig. 3) . Examination of the molar ratio data suggests that, at least in normal tissue, this fraction is low in sulfate, and it is certainly possible that this represents "chondroitin" either naturally occurring, or resulting from the separatory procedures.
Molar ratios. The molar ratios for the GAGs of the various fractions are shown in Table III 2 Drawing of a typical thin-layer chromatogram of the hexoses and amino hexoses after digestion of the GAG by 0.4N HCO for 16 hr at 110'C. Solvent system consisted of N-propanol: ethyl alcohol: H20 (7: 2: 1), and spots were detected with AgNO3 spray. As can be seen, glucosamine and galactose were present only in fraction 1, and fractions 1, 3, 4, and 5 contained galactosamine (see Table I and text). * Estimated on the basis of hexose content with sulfate to hexose ratio assigned a value of 1.5: 1. Molar ratios of the materials obtained in each fraction after CPC-cellulose column separation of normal and arthritic cartilage GAGs. As indicated in the text, fraction 1 contained two GAGs, one of which was keratan sulfate. The molar ratio of the keratan sulfate was estimated from the hexose content by assigning arbitrarily a sulfate to hexose ratio of 1.5:1 and a hexosamine to hexose ratio of 1:1. This allowed calculation of the molar ratio for the other GAG present.
sulfate concentration (P < 0.2). The total GAG concentration is slightly decreased, but the values lack statistical validity (P < 0.30). DISCUSSION It is apparent from examination of the two series of patients that the "normal controls" are neither "normal" nor "controls" as compared with the osteoarthritic group. These were elderly patients who had suffered an intracapsular fracture of the neck of the femur from 24 to 48 hr before resection of the femoral head, and one must presume some trauma to the cartilage surface, capsular rupture, bleeding, or partial devascularization of the underlying bone. Although it is unlikely that this state would greatly alter the pattern of GAGs, the possibility of acceleration of an autodegradative process exists, and if the patients were not treated rapidly, such
The Glycosaminoglycans of Normal and Arthritic Cartilage factors could be significant. In all fracture patients, the time lapse between injury and surgery did not exceed 48 hr.
Of considerably greater significance is the difference in age between the two patient groups. The average age of the control group was 21 yr older than the arthritic although, as can be noted in Fig. 1 (10) corroborated the stability of the glucosamine content of costal cartilage after age 25, and the recent studies of Mathews and Glagov (8) showed that the chondroitin 4-and 6-sulfate and keratosulfate concentrations of aging human rib cartilage remained essentially the same after the 5th decade. This lack of change with age was confirmed in articular cartilage by Bollet and Nance (13), Anderson and coworkers (33, 34) and Kuhn and Leppelmann (9) , all of whom established the relative stability of the total and some of the component GAGs between the ages of 40 and 90. To establish that the keratan sulfate values were not materially affected by age, 8 more femoral heads were obtained from patients without osteoarthritic disease whose ages ranged from 61 to 82 and the keratosulfate values for the entire group of 21 patients plotted against their ages. As can be seen in Fig. 4 , there was no significant correlation and most of the values fell within the range of the standard deviation for the "normal" group.
Osteoarthritis is a focal disease, and histological studies have demonstrated marked variation in the process depending on the site studied. Even more important is the special problem related to the surgery. Patients are rarely subjected to replacement surgery for osteoarthritis unless the process is classified as a Collins III or IV (18) . Since these classifications are characterized by areas of complete denudation of the surface to the underlying bone, samples in such patients, of necessity, must come from sites of less severe involvment or over the osteophytes. This may help explain some of the variation in these results as compared with those of Bollet (12, 13) , whose patients had perhaps less severe arthritis but whose cartilage may have had more disease. If one accepts the problems discussed above as being minimal or of minor significance, the data obtained seem to indicate the following: (a) In normal (aged) human hip articular cartilage, the GAGs account for about 15% of the dry weight, and the distribution of chondroitin 6-sulfate, chondroitin 4-sulfate and keratan sulfate is approximately 1 to 0.13 to 1.21. (b) In cartilage from the hips of patients with osteoarthritis, there is a slight diminuation in total GAG (11.7%) but a significant alteration of the concentrations of the component GAGs to 1 to 0.17 to 0.99. This alteration is primarily due to an 11% decrease in the keratosulfate concentration and a 36.8% increase in the chondroitin 4-sulfate. (c) The only other abnormality noted was an increase in sulfation, as determined by the molar ratios, of the chondroitin 4-sulfate in the arthritic cartilage.
The findings in the normal tissues are essentially consistent with those for adult cartilage as reported by other investigators both for total quantity of GAG and percentage distribution (33, 34) . Stockwell The change in the osteoarthritic cartilage differs somewhat from that reported by others. In 1953, Matthews (16) described a significant decrease in the chondroitin sulfate concentration of osteoarthritic knees, and several years later this was confirmed by Bollet and Nance (13) who also noted that the change was essentially proportional to the severity of the process.
Anderson, Ludoweig, Harper, and Engleman (33) failed to confirm these findings in a study of total mucopolysaccharides and sulfates in 60 samples of cartilage from around osteoarthritis human joints and suggested this finding confirmed the focal nature of the osteoarthritic lesion. Bollet attributed the major decrease in GAGs to a loss of chondroitin sulfate, which he felt resulted from the action of hyaluronidase-like enzyme or possibly a protease although he did note that the neutral sugars were also decreased (12, 13) . Benmaman, Ludoweig, and Anderson found the keratan sulfate significantly reduced in arthritic cartilage (34) .
The findings in this study confirm those of Anderson et al. (33) and Benmaman et al. (34) in that there was only an 11.7% decrease in total GAG, and this was principally in the keratan sulfate fraction. The lack of confirmation of the findings of Bollet et al. (12, 13) are probably based on the problems of sampling described in the early part of the discussion.
The increase in concentration of sulfate in one of the GAGs of the osteoarthritis tissue is a finding which has not been previously noted by those who have studied the chemical aspects of the disease (12, 33, 34) . The phenomenon of "oversulfation" is well -recognized, particularly in the keratan sulfates (31, 32) . The data presented here offer no explanation for the observed increase, but clearly further study is indicated to confirm the finding and possibly to ascertain the sterochemical site of the "extra" sulfates.
In critical evaluation of the data, the major abberations in osteoarthritis cartilage are the increase in chondroitin 4-sulfate and decrease in keratan sulfate. These changes may be due to an alteration in the synthetic pattern of the chondrocyte or a selective degradation favoring keratosulfate and sparing chondroitin sulfate. The latter alternative, selective degradation, seems somewhat unlikely since chondroitin 4-and 6-sulfates are probably equally susceptible to autolytic local enzymes, and keratan sulfate is probably the most stable of the GAGs, with a half-life of over 140 days as reported by Davidson and Small in material from nucleus pulposus (37) . Keratan sulfate is also thought to be resistant to hyaluronidase (2, 3) , thus eliminating the only other likely mechanism of depolymerization or degradation in the diseased joint.
The alternative possibility, that of an altered product of synthesis, is much more intriguing. A number of studies have demonstrated that the rate of synthesis of polysaccharides is markedly increased in osteoarthritis (12, 17, 18) , and several investigations have suggested that this anabolic increase is proportional to the severity of the disease, possibly on the basis of a negative "feedback" system (14, 15, 17, 19) .
It has been shown both histologically and with thymidine studies that the cells of articular cartilage from osteoarthritis joints are actively replicating, a privilege they do not ordinarily enjoy after maturity (17) . Ultra 
